Introduction
Myosin is the major structural and functional protein in skeletal muscle fibers. Myosin contains an actin-activated ATPase activity that is the driving force for the relative shortening of the myofibril and is responsible for force generation in skeletal muscle (10) . Within the myofibril, myosin is found within a structure known as a thick filament. Native thick filaments isolated from skeletal muscle are 1.6 fxm in length and 15 nm in diameter (5) . Although purified thick filaments isolated from skeletal muscle contain varying amounts of myosin binding proteins such as C protein (21), the M-line protein myomesin (8) , H protein (31), and X protein (31), purified myosin will form filaments virtually identical to native thick filaments in the absence of any other associated proteins (ll). Thus, basic information necessary for the assembly of thick filaments is encoded within the myosin molecule.
The myosin molecule contains two distinct domains, the SI or myosin head, that encodes the actin-binding and ATPase activities of the molecule, and the rod or myosin tail that encodes the information responsible for thick filament formation (14, 35) . Great gains in understanding the mechanics of force generation have been made following the successful crystallization of the myosin SI and its subsequent analysis by X-ray crystallography (22, 23) . While the basic structure of the myosin rod, an a-helical-coiled coil, has been known for quite some time (30), the elements within the rod responsible for the unique solubility properties of myosin and its self-assembly into bipolar thick filaments have not been fully characterized. The focus of this report is to describe results of recent studies ongoing in our laboratories that provide insight into the unique physicochemical properties of the myosin rod that play a role in the formation of the a-helical coiled-coil structure and its subsequent aggregation under physiological conditions into synthetic bipolar filaments.
The chicken myosin rod a-helical coiled-coiled dimer:
Preferential formation of homodimers Sarcomeric myosins are typically represented by multiple isoforms which are often simultaneously expressed in single muscle fibers. Previously we have shown that in chicken muscle, when both embryonic and neonatal myosins or neonatal and adult myosins are synthesized within the same fiber, little myosin could be isolated that contained two different isoforms (12, 15) . Further studies utilizing the rod domain demonstrated that whenneonatal and adult myosinrods were denatured together in guanidinium, removal of guanidinium by dialysis or dilution, resulted in the reformation of homodimeric coiled-coils (12). Thus, information responsible for the specificity of chicken myosin rod dimerization is encoded within the primary sequence of these isoforms. The high degree of sequence homology between these isoforms (19) suggests that a limited number of amino acid substitutions are responsible for the destabilization of the rod heterodimers. In contrast to the results obtained with chicken fast skeletal muscle myosin isoforms, rat a-and /3-cardiac myosins do form heterodimers (7) . We have compared the number and position of amino acid substitutions between these two pairs ofmyosins (Fig. 1 ). In the chicken isoforms the substitutions are scattered through the entire rod. In the rat isoforms, most of the substitutions are clustered in restricted regions at the hinge-LMM junction (repeats [15] [16] [17] [18] [19] [20] and at the hinge-S2 junction (repeats [8] [9] [10] [11] [12] fast neonatal and adult and rat a and p cardiac myosin heavy chain isoforms. Each cylinder represents a strand of the myosin rod and the amino acid positions of the a-helix present at the interface of the coiled-coil are shown. The black dots represent amino acid substitutions between either chicken skeletal fast neonatal and adult myosin isoforms (cylinder on the left) or rat a and /3 cardiac myosin isoforms (cylinder on the right). The sequence of the chicken neonatal rod over the six first repeats has not been determined.
gested that substitutions in the LMM region could play an important role in determining the instability of heterodimeric chicken myosin rods. As a first step toward understanding myosin rod dimerization we have focussed on the LMM region. Wehave studied renaturation of the LMM and determined the amino acid substitutions that are involved in the specificity of coiled-coil assembly(1).
Dimerization specificity of chicken neonatal and adult LMM fragments The LMM domains of neonatal and adult rods were cloned into PETexpression vectors, with and without a polyhistidine tag at the aminoterminus in order to employ metal chelation chromatography (Qiagen Ni^-NTA) for analysis.
These LMM constructs encompassed 650 amino acids of the myosin rod, from heptad 3 of repeat 17, to the C-end at repeat 40 (see Fig. 4) . A comparisonof the aminoacid sequences of the neonatal and adult isoforms, reveals that there are a total of 35 differences in this region, and only 18 of those are at the heptad positions a, d, e, and g which can participate in Fig. 2 . Helical wheel representation of the a-helical coiled-coil motif. Hydrophobic interactions between residues at positions a (a-a') and d (d-d') and electrostatic interactions between g and e residues (g-e'; g'-e) of opposite strands are believed to stabilize the dimer.
interhelical interactions and contribute to dimer stabili- Ni^-NTA chromatography is able to separate LMM proteins into three fractions depending upon their polyhistidine content. LMMs lacking a histidine tag fail to bind to the column at 10 mMimidazole, while LMMs containing 2 histidine tags (one on each subunit) are strongly bound and are eluted with imidazole concentrations greater than 100 mM.LMMproteins containing 1 histidine tag (1 tagged subunit and 1 untagged subunit) bind less stringently and can be eluted with 50 mMimidazole. Wehave used this system to separate homodimers and heterodimers formed between two different LMMs only one of which contains the histidine tag. Homodimers of each protein would elute at 10 mMimidazole (untagged protein) or at 1 Mimidazole (tagged protein) whereas the heterodimers would elute at 50
mMimidazole. This approach presents important advantages for the study of a-helical coiled-coil dimerization as proteins are always in solution and quantitation and analysis of both homodimer and heterodimer fractions is simple.
In order to study LMM subunit exchange, equimolar amounts of two proteins, only one of which contained a histidine tag, were mixed, denatured in 5 Mguanidinium, allowed to refold by dialysis, and loaded onto a Ni^-NTA column. Both homodimer fractions (10 mM and 1 Mimidazole) and the heterodimer fraction (50 mMimidazole) were purified and quantitated. These experiments showed that heterodimers could be formed between the neonatal and adult LMMs. However, coiled-coils between identical isoforms were significantly more stable than heterodimeric coiled-coils. The 50 mMimidazole fraction from exchange experiments between identical isoforms represented 50% of the total protein, twice that of the same fraction from exchange experiments between different isoforms. In order to investigate the nature of the substitutions responsible for the different levels of heterodimers formed between identical and dissimilar isoforms, three chimeric LMM proteins were constructed that combined neonatal and adult sequences (Fig. 3 ). The C-terminal end of these chimeras corresponded to the neonatal isoform and the N-terminus to the adult isoform. 183, 278, and 386 amino acids at the N-end of the neonatal LMM were substituted with adult sequences, generating the chimera LMMstermed A-183N, A-278N, and A-386N respectively. These chimeric LMMsbehaved identically to the neonatal and adult recombinant LMMs on native gel electrophoresis, although their antibody reactivity was unique in that they contained both neonatal and adult specific epitopes as would be expected. These chimeras were employed in exchange experiments with histidine tagged neonatal and adult LMMsas described above. In general it was found that the higher the level of homology between the subunits, the greater the degree of heterodimerization.
In exchange experiments between chimeric LMMs and the histidine tagged neonatal LMM, the amount of heterodimers increased from
A-183N>A-278N>A-386N. Similar results were obtained in exchange experiments with the histidine tagged adult LMM: A-386N>A-278N>A-183N. However, not all substitutions appeared to have the same contribution to destabilization of heterodimers. In experiments using the histidine tagged neonatal LMMand the chimeras, in which homology increases from the Cend of the protein, the highest level of heterodimers formed (between chimera A-183N and the neonatal LMM) was not equivalent to the level found in exchange experiments between tagged and untagged neonatal LMMs.This is remarkable as there are only 4 ami-no acid differences (at positions a, d, e, g) present in the A-183Nchimera compared to the neonatal LMM. In contrast to this result, in the experiments using the histidine tagged adult LMM, in which homology increases from the N-terminus of the protein, chimera A-183N showed a dramatic increase in dimerization with histidine tagged adult LMM,approaching the levels found in exchange experiments using the adult LMM although there are still 14 amino acid differences present (in the a, d, e, and g positions) in the two proteins. The observation that removing the 4 N-terminal differences between the neonatal and adult LMMs dramatically increased the stability of heterodimers (whereas removing 7 substitutions at the C-end had little effect on heterodimer stability), indicates that homology at the N-end plays a crucial role in determining LMMdimer stability. There are at least two interpretations of these results. For example, it is possible that stability over a discrete length at the N-end of the LMM is required in order to nucleate formation of the coiled-coil and that amino acid differences at the interhelical interface in this region are inhibitory to coiled-coil formation. Alternatively, the 4 specific amino acid substitutions present in chimera A183N may be more destabilizing to the coiledcoil than the remaining 14 amino acid differences at the interhelical interface of the neonatal and adult isoforms. Further experiments will be required to distinguish these possibilities. It has previously been suggested (15) that a reduction in amino acid conservation between myosin isoforms could result in the relative instability of the heterodimeric over the homodimeric species. Our work on the LMMfragment indicates that although homology indeed stabilizes the dimer, the positioning of amino acid substitutions might determine their relative effect on stability. Our results suggest that substitutions at the N-terminus might be especially important for dimerization. However,we can not rule out that this is a property of the LMMfragment alone. To test this possibility we will extend our analysis to the entire rod. Specifically, it will be determined whether these substitutions at the Nterminus of the LMM maintain their effect on dimerization whenplaced in the context of the entire rod or if their effect is position dependent. Additionally, destabilizing substitutions in the a, d, e, and g positions within the first few repeats of the full length rod will be introduced to determine their effect on dimerization. Charged amino acids in positions e and g of the a-helix are believed to participate in salt bridges which aid in coiled-coil stabilization (28). An analysis of published sarcomeric myosin heavy chain sequences shows that the positions of potential salt bridges in the sarcomeric myosin rod are remarkably conserved in all vertebrates. Thus while there are differences between chicken neonatal and adult isoforms in the e and g positions'in the LMM, these are conservative substitutions that do not alter the potential for salt bridge formation. Therefore, interhelical electrostatic interactions are not likely to determine dimerization specificity of myosins, as is the case for the bZIP family of transcription factors (26) suggesting that dimerization specificity of myosin rods is probably regulated through disruption of the close packing of the residues in the hydrophobic core. In myosin rods, although the charge distribution in e and g residues may not encode information for dimer specificity, it could contribute to the pattern of charge distribution along the myosin rod required for other supramolecular interactions that are involved in determining the structure of the sarcomeric thick filament.
Wehave noted that the distribution of possible salt bridges amongsarcomeric myosin rods differs from that of smooth muscle myosin rods. This may reflect different schemes of molecular packing of myosin molecules in smooth muscle myosin filaments (38).
Myosin solubility and fibrillogenesis
It has long been acknowledged that the myosin rod comprises the backbone of the myosin filament. In recent years, cloning and sequencing of sarcomeric myosin genes and cDNAs has provided new insights into howmyosin rods interact with each other and contribute to myosin's unique solubility properties, as well as to the morphology of the aggregates that are formed under physiological conditions. Analysis of the sarcomeric myosin rod sequence has revealed that in addition to the expected a-helical 7 amino acid heptad repeat, there exist a numberof additional repeating motifs that have been highly conserved among sarcomeric myosins. These include a longer motif of 28 amino acid residues comprising four heptads (17). All vertebrate myosins contain 40 such repeats (20), although the last 17 amino acids may not be folded into an a-helix. The positions of four single amino acid insertions or skip residues at the end of repeats 13, 20, 27, and 35 have also been conserved (17). The most striking characteristic however, is repeating zones of alternating positive and negatively charged amino acid residues on the outer surface of the coil spaced 14 residues apart (17) that are believed to be a key determinant of myosin rod interactions that generate the characteristic 14.3 nmaxial stagger of molecules within a myosin filament (10) . Figure 4 summarizes these key structural features of the myosin rod present in sarcomeric myosins.
It is known that myosin filaments will disaggregate into myosin monomersin high ionic strength buffers (ie. >0.3 M) and that monomeric myosin will subsequently reaggregate at low ionic strenght (<0.3 M) into filaments. However neither the mechanism by which sarcomeric myosin molecules form filaments nor the specific regions of the myosin rod that are responsible for The adult chicken myosin rod consists of 1 ,099 amino acids which can be aligned with all sequenced vertebrate sarcomeric myosin rods. The diagram illustrates the conservation of the 7 amino acid heptad repeat of the a-helix, the 28 amino acid repeats consisting of 4 heptads, the position of the skip residues at the end of repeats 13, 20, 27, and 35, and the C-terminal 17 amino acids which are likely not a-hel4ical. In addition, as pointed out by McLachlan and Karn (1983) , amino acids in positions b and c of the first heptad are predominantly positively charged, whereas amino acids in positions b and c of the third heptad are predominantly negatively charged, generating alternating positive and negative zones along the external face of the rod 14 amino acids apart.
the interactions involved in solubility or fibrillogenesis are fully understood. Extensive studies of non-sarcomeric myosinssuggest that the region near the C-terminus of the rod is important for fibrillogenesis (9, 25, 29) , although in some non-sarcomeric myosins both phosphorylation as well as domains far from the C-terminus appear to be important (for review see 13, 33). Studies using recombinant mutated sarcomeric LMM proteins also suggest that removal of the C-terminal 100 amino acids drastically alters LMMsolubility (2) and that removal of as few as 17 amino acid from the C-terminus of the rod could effect solubility in a pH dependent manner (16).
Wehave confirmed the importance of the C-terminus interactions in the molecular interactions that lead to the formation of myosin filaments using monoclonal antibodies whose binding sites have been mapped in the myosin rod. 5C3 is a monoclonal antibody that binds to the myosin rod within 12 amino acid residues from the C-terminus and a second monoclonal antibody, NA4, binds approximately 100 amino acid residues from the C-terminus. Fab fragments derived from these two antibodies will bind to monomericmyosin and prevent myosin from aggregating into higher order structures in low ionic strength buffers thus producing a soluble myosin at physiological salt concentrations. Antibodies that bind to the middle or NH-terminal end of the LMMdomain (EB165 and AB8) had no effect on myosin solubility or the morphology of filaments formed (36). Thus, it appears that the C-terminus of the sarcomeric myosin rod participates in a still undefined interaction that may be required for fibrillogenesis. Further studies to mapthe precise location of amino acid residues that participate in these interactions have not yielded clear results. Previous studies have suggested that the C-terminus of the sarcomeric myosin rod is unfolded and non-helical (16). A similar conclusion has been deduced for non-sarcomeric myosins which contain proline at the C-terminal domain (27, 39) . In studies of sarcomeric LMM,removal of the 17 amino acid C-terminal tailpiece from a 263 amino acid C-terminal rabbit LMMpeptide, generated a protein that was soluble in 50mMKC1at pH 8 (16) leading to the conclusion that the unfolded C-terminus of the LMMis involved in myosin aggregation in vivo and in vitro. However we have performed a similar study using a full length 670 amino acid chicken LMMpeptide and found somewhatdifferent results. Removalof the nonhelical C-terminal 16 amino acid generated a LMMprotein that required slightly lower ionic strength conditions to aggregate, but remained insoluble at 50 mM KC1. This discrepancy between the two studies may be due to differences between chicken and rabbit myosins, but more likely is due to the different sizes of the LMM proteins employed in the studies. Previous studies have shown that removal of 92 C-terminal amino acid residues from an LMM fragment 567 amino acid residues long generated an LMMpeptide soluble at ionic strengths down to 0.05 M (2) suggesting that additional C-terminal deletions may be required in order to alter the solubility of the chicken LMMpeptide. These observations may indicate that the precise interactions at the C-terminus maynot be as important as the cumulative electrostatic interactions along the entire length of the rod and that the extent of C-terminal deletion necessary to alter solubility maysimply be proportional to the size of the LMMpeptide. However, the fact that deletion of 229 amino acids from the N-terminus of the LMM had no effect on protein solubility while deletion of just 92 amino acids from the C-terminus produced a soluble LMMpeptide (2) clearly indicates that the C-terminus does contribute disproportionately to myosin's unique solubility characteristics. While analysis of LMM mutations has been helpful in understanding myosin solubility, it may be less useful in providing insights into fibrillogenesis.
LMMfragments and myosin rods, whether produced by proteolysis of native myosin or recombinant DNAmethods, do not aggregate into filaments but form various types of paracrystals (2, 3, 32, 34) . While some of the interactions within the crystalline lattice maybe analogous to those in myosin filaments, the mechanism by which myosin bipolar filaments are formed and the precise nature of the molecular intermediates in the assembly process may not be revealed from analysis of LMM or rod paracrystals alone.
Since the distinction between myosin which forms filaments, and the myosin rod which forms paracrystals is the presence of an 840 amino acid globular SI domain, we have produced a "synthetic" myosin in which glutathione S-transferase (GST), a 223 amino acid globular protein, has been fused to the N-terminus of the chicken myosin rod (37). GST-rod protein has been purified and shares manycharacteristics in commonwith native myosin. The recombinant protein can be purified in a similar mannerto myosinand appears monomeric upon native pyrophosphate gel electrophoresis.
Rotary shadowing reveals that the fusion protein appears like a myosin rod with smaller globular heads. In addition, the fusion protein aggregates at low ionic strengths into tapered filamentous structures. Because of the small size of the GST"head" we cannot be certain that these structures are bipolar filaments from EMobservations alone. It is encouraging however that the size of these tapered filaments are similar to those formed from myosin under similar conditions. Since prior attempts to form a functional recombinant myosin in the baculovirus expression system have not been fruitful, the GSTrod protein mayprove to be a valuable tool for assessing the contribution of both N-terminal and C-terminal myosin rod sequences to filament assembly and aid in the identification of assembly intermediates. The mechanism of sarcomeric myosin self assembly is unclear. It has been proposed that as ionic strength is lowered, myosin monomers interact to form parallel dimers, which then associate to form an anti-parallel tetramer. Twotetramers then associate to form an octomer and finally two octamers associate to form a structure called a mini filament (24). However, unlike non-muscle myosinmini filaments, sarcomeric myosinmini filaments continue to elongate into bipolar synthetic filaments by the addition of parallel dimers onto the emerging synthetic filament until an equilibrium is achieved in which the rate of dimer addition equals the rate of dimer loss from the ends of the nascent filament (6) . Little is knownof the contribution of the N-terminal domain of the rod, or S2, to fibrillogenesis, although this region is likely held less stringently to the filament than the other rod domains (18). The ability to generate specific rod mutants at both at the C-and N-terminal ends of the molecule and then to assemble these proteins into filaments should provide newinsights into the role of these domains in myosin filament assembly.
